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Star formation is intrinsically a multi-scale and multi-physics
problem, where it is difficult to single out individual processes.
Carina with HST
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open questions
• what processes determine the initial mass function (IMF) of stars?

C

• how does star formation depend on metallicity?
how do the first stars form?

• what are the initial conditions for star cluster formation?

how does cloud structure translate into cluster structure?

• how do molecular clouds form?
• what drives turbulence?
• what triggers / regulates star formation on galactic scales?

HH 901/902 in Carina with HST

open questions
• what processes determine the initial mass function (IMF) of stars?

C

• how does star formation depend on metallicity?
how do the first stars form?

C

Under what condition does widespread
fragmentation occur, and when is it inhibited?

HH 901/902 in Carina with HST

stellar mass fuction
at present days stars seem to follow a universal
mass function at birth --> IMF

(Kroupa 2002)

Orion, NGC 3603, 30 Doradus
(Zinnecker & Yorke 2007)

stellar masses
• distribution of stellar masses depends on
-

turbulent initial conditions
--> mass spectrum of prestellar cloud cores

-

collapse and interaction of prestellar cores
--> accretion and N-body effects

-

thermodynamic properties of gas
--> balance between heating and cooling
--> EOS (determines which cores go into collapse)

-

(proto) stellar feedback terminates star formation
ionizing radiation, bipolar outflows, winds, SN

(Kroupa 2002)

model of Orion molecular cloud
„model“ of Orion cloud:
15.000.000 SPH particles,
104 Msun in 10 pc, mass resolution
0,02 Msun, forms ~2.500
„stars“ (sink particles)
MASSIVE STARS
- form early in high-density
gas clumps (cluster center)
- high accretion rates,
maintained for a long time
LOW-MASS STARS
- form later as gas falls into
potential well
- high relative velocities
- little subsequent accretion

Bonnell et al. 2010

turbulence in high-z halos
• fragmentation and

star formation will
depend on degree
of turbulence in
proto-galactic halo

turbulence developing in an atomic cooling halo

(e.g. Clark et al. 2011a)

•

(Greif et al. 2008)

for details on the
turbulence properties
of high-z halos see,
e.g., Turk et al., Wise et
al., Greif et al., Clark et
al., etc.

stellar masses
• distribution of stellar masses depends on
-

turbulent initial conditions
--> mass spectrum of prestellar cloud cores

-

collapse and interaction of prestellar cores
--> accretion and N-body effects

-

thermodynamic properties of gas
--> balance between heating and cooling
--> EOS (determines which cores go into collapse)

-

(proto) stellar feedback terminates star formation
ionizing radiation, bipolar outflows, winds, SN

application to early star formation

(Kroupa 2002)

thermodynamics & fragmentation
degree of fragmentation depends on EOS!
polytropic EOS: p ∝ργ
γ<1: dense cluster of low-mass stars
γ>1: isolated high-mass stars
(see Li et al. 2003; also Kawachi & Hanawa 1998, Larson 2003)

dependency on EOS

γ=0.2

γ=1.0

γ=1.2

for γ<1 fragmentation is enhanced  cluster of low-mass stars
for γ>1 it is suppressed  formation of isolated massive stars
(from Li, Klessen, & Mac Low 2003, ApJ, 592, 975)

how does that work?
(1)

p ∝ ργ  ρ ∝ p1/ γ

(2)

Mjeans ∝ γ3/2 ρ(3γ-4)/2

• γ<1: 
	


• γ>1:

large density excursion for given pressure
 〈Mjeans〉 becomes small
 number of fluctuations with M > Mjeans is large
 small density excursion for given pressure
 〈Mjeans〉 is large
 only few and massive clumps exceed Mjeans
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Figure 1. Evolution of temperatures in prestellar cloud cores with metallicities
Z/Z! = 0, 10−6 , 10−5 , 10−4 , 10−3 , 10−2 , 10−1 , and 1, as functions of the
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present-day star formation
τ=1

(Larson 1985, Larson 2005)

Z=0
γ = 1.1
γ = 0.7

IMF in nearby molecular clouds
with ρcrit ≈ 2.5×105 cm-3
at SFE ≈ 50%

need appropriate
EOS in order to get
low mass IMF right

(Jappsen et al. 2005, A&A, 435, 611)
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transition: Pop III to Pop II.5
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Figure 1. Evolution of temperatures in prestellar cloud cores with metallicities
Z/Z! = 0, 10−6 , 10−5 , 10−4 , 10−3 , 10−2 , 10−1 , and 1, as functions of the
number density, which is calculated by one-zone models. The dashed lines
indicate the constant Jeans masses. For those above 102 M! (below 1 M! ), the
gas is assumed to be fully atomic (molecular) in drawing those lines.
(A color version of this figure is available in the online journal.)
(Omukai et al. 2005, 2010)

3. PRESTELLAR COLLAPSE

•
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Figure 2. Evolution of temperatures at the sun
prestellar collapse for various metallicities. This is calculated by one-zone
model until 104 cm−3 (dotted vertical line) and by hydrodynamical models
for the higher density. The constant Jeans masses are indicated by the dashed
lines.
(A color version of this figure is available in the online journal.)
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transition: Pop III to Pop II.5
Caffau et al.: An extremely primordial star

SDSS J1029151+172927

e (Z ∼ 1.0 kpc) may suggest a
ruled out. The orbit solution
the Halo with the maximum
ax = 4.8 ± 0.4 kpc, the orbital
and is plunging towards the
nter Rmin = 0.9 ± 0.1 kpc. See
values obtained in the previr 1990.0 we obtain a similar
ericenter Rmin = 0.4±0.1 kpc.
2 ± 0.1 kpc is obtained in the
roper motion.

• is first ultra metal-poor star with Z
~ 10-4.5 Zsun for all metals seen (Fe,
C, N, etc.)
[see Caffau et al. 2011]

• this is in regime, where metal-lines

he X-Shooter spectrum. The
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spectrum belongsTable
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cannot provide cooling

[e.g. Schneider et al. 2011, 2012, Klessen et al. 2012]
Caffau et al.: An extremely primordial star

SDSS J102915+172927. Abundances. [X/H] from fit is given for log g f from the line-list of LP.
Fig. 6. The range of the Ca ii H and K lines. From top to bot[X/H]1D
tom,Element
the SDSS, the X-Shooter, and the UVES spectrum
(solid
+NLTE
cor.
black), overimposed the synthetic +3Dcor.
profile with metallicity
-4.5,
α-enhanced
by 0.4
(solid green).
C
≤ dex
−3.8
≤ −4.5

N
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≤ −5.0
Mg i
−4.71 ± 0.11 −4.68 ± 0.11 −4.52 ± 0.11
Si i
−4.27
−4.30
−3.93
Ca i
−4.72
−4.82
−4.44
Ca ii
−4.81 ± 0.11 −4.93 ± 0.03 −5.02 ± 0.02
Ti ii
−4.75 ± 0.18 −4.83 ± 0.16 −4.76 ± 0.18
This implies that the star is far below the Spite plateau. This
Fe i
−4.73 ± 0.13 −5.02 ± 0.10 −4.60 ± 0.13
may be linked to the fact that, at extremely low metallicities,
Ni i plateau −4.55
± 0.14
−4.90(Sbordone
± 0.11 et al. 2010)
the Spite
displays
a “meltdown”
Sr
ii
≤
−5.10
≤
−5.25
≤ −4.94
i.e. an increased scatter and a lower mean Li abundance.
This
meltdown is clearly shown in the two components of the extremely
metal-poor
system
CS 22876-32 ([Fe/H]=–3.6,
(Caffau
et al.binary
2011,
2012)
the primary with effective temperature 6500 K, the secondary
5900 K), that show a different Li content (González Hernández
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Ca ii ground-state population, and 4s keeps its thermodynamic

transition: Pop III to Pop II.5
SDSS J1029151+172927

• is first ultra metal-poor star with Z
~ 10-4.5 Zsun for all metals seen (Fe,
C, N, etc.)

interesting results for masses
of previous generations of
stars based on the Leo star
abundance patterns ---> see
talk by Alex Heger!
Caffau et al.: An extremely primordial star

[see Caffau et al. 2011]

• this is in regime, where metal-lines
cannot provide cooling

[e.g. Schneider et al. 2011, 2012, Klessen et al. 2012]

Table 4. SDSS J102915+172927. Abundances. [X/H] from fit is given for log g f from the line-list of LP.
Element
C
N
Mg i
Si i
Ca i
Ca ii
Ti ii
Fe i
Ni i
Sr ii

≤ −3.8
≤ −4.1
−4.71 ± 0.11
−4.27
−4.72
−4.81 ± 0.11
−4.75 ± 0.18
−4.73 ± 0.13
−4.55 ± 0.14
≤ −5.10

+3Dcor.
≤ −4.5
≤ −5.0
−4.68 ± 0.11
−4.30
−4.82
−4.93 ± 0.03
−4.83 ± 0.16
−5.02 ± 0.10
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≤ −5.25
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−3.93
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−4.49 ± 0.12
−3.96
−4.54
−5.15 ± 0.09
−4.84 ± 0.16
−4.89 ± 0.10

≤ −4.94

≤ −5.09

(Caffau et al. 2011, 2012)
For Mg i, Si i, Ca i, and Fe i, which are the minority species

SH

A(X)!

0.1
0.1
0.1
0.1
1.0
1.0

8.50
7.86
7.54
7.52
6.33
6.33
4.90
7.52
6.23
2.92

+ 3D cor + NLTE cor
G-band
NH-band
5
1
1
3
6
43
10
1

0.01

new ESO large
program to find
more of these stars
(120h x-shooter,
30h UVES)
[PI E. Caffau]

(Schneider et al. 2011,2012, Klessen et al. 2012)
Ca ii ground-state population, and 4s keeps its thermodynamic

n the fragmentation of star-forming clouds

denso
00 K,
vapoacity
ains.
and
e re-

2
r,

Resolution
Level
High
Low

4

(6)

Number of
Particles

Particle
Mass
(10 5 M⇤ )
2.5
25.0

3
Turbulence
(Eturb /|Egrav |)
0.1
0.1
0.0

Angular
Momentum
(Erot /|Egrav |)
0.02
0.02
0.00

transition: Pop III to Pop II.5
6

40 ⇥ 10
4 ⇥ 106

TABLE 1
Simulation properties.

Dopcke et al.

CMB temperature in the low density region to the gas temperature at much higher densities. At densities higher than 1011 –
1012 cm 3 , dust cooling starts to be effective and begins to
cool the gas. The gas temperature decreases to roughly 600 K
in the 10 5 Z⇥ simulations, and 300 K in the Z = 10 4 Z⇥ case.
This temperature decrease significantly increases the number
of Jeans masses present in the collapsing region, making the
gas unstable to fragmentation. The dust and the gas temperatures couple for densities higher then 1013 cm 3 , when the
compressional heating starts to dominate again over the dust
cooling. The subsequent evolution of the gas is close to adiabatic. If we compare the results of the runs with and without
rotation and turbulence, then the most obvious difference is
the much greater scatter in the n T diagram in the former
case. Variations in the infall velocity lead to different fluid elements undergoing different amounts of compressional heating. The overall effect is to reduce both the infall velocity
and the average compressional heating rate. This allows dust
cooling to dominate at a density that is up to five times smaller
than in the case without rotation or turbulence. The gas also
reaches a lower temperature, cooling down to ⇤ 200K (instead
Fig. 2.— Number density maps for a 4slice through the high density region.
of 300K) for the Z = 10 Z⇥in case,
and to ⇤ 400K (instead of
The image shows a sequence of zooms
the density structure in the gas
5
600K)
for
the
Z
=
10
Z
case.
This behavior shows that
immediately before the formation of the ⇥first protostar.
it is essential to use 3D simulations to follow the evolution
of the collapsing gas. A similar effect can be seen in Clark
Dopcke
(2011, ApJour
729,
L3) to the calculations of
et al. (2010).
If et
weal.compare
results
Omukai three
et al. (2010),
find that dust
considerably
We performed
sets of we
simulations,
twocooling
at low is
resolution
than predicted
by theare
one-zone
and oneless
at effective
high resolution.
The details
shown models,
in Tablebut
1. the
agreement
is simulations
better with their
plusto1D
hydrodynamOur low
resolution
wereone-zone
performed
explore
the

Fig. 3.— Number density map showing a slice in the densest clump, and the
sink formation time evolution, for the 40 million particles simulation, and Z
= 10 4 Z⇥ . The box is 100AU x 100AU and the time is measured from the
formation of the first sink particle.

Fragmentation of star-forming clouds at very low metallicities
8

3

Dopcke et al.

cooling is more efficient at higher densities. The energy transfer from gas to dust vanishes when they couple in temperature,
[M/H]
-ininity
hence we=also
expect the cooling to cease when dust reaches
the gas temperature. In order to guide on the evaluation of the
effect of dust on the thermodynamic evolution of the gas and
verify these assumptions, we plot temperature and density for
the various metallicities tested in Figure 1. We compare the
evolution of the dust and gas temperatures in the simulations,
at the point of time just before the formation of the first sink
particle (see Table 1). The dust temperature (shown in blue)
varies from the CMB temperature in the low density region to
the gas temperature (shown in red) at much higher densities.
Changes in metallicity influence the the point in density
[M/H]
= -6
where dust
cooling becomes efficient. For the Z = 10−4 Z"
case, dust cooling begins to be efficient at n ≈ 1011 cm−3 .
While for Z = 10−5 Z" , the density where dust cooling becomes efficient is delayed until n ≈ 1013 cm−3 . For the Z
= 10−6 Z" case, dust cooling becomes important for n !
1014 cm−3 , preventing the gas temperature from getting higher
than 1500 K. For instance, the metal-free case reaches temperatures of approximately 2000 K.
The efficiency of the cooling expressed in the temperature
drop also varies with metallicity. The gas temperature decreases to roughly 400 K in the 10−5 Z" simulation, and 200 K
[M/H]
-5−4 Z" case. This temperature drop significantly
in the Z =
= 10
increases the number of Jeans masses present in the collapsing region, making the gas unstable to fragmentation. The
dust and the gas temperatures couple for high densities, when
the compressional heating starts to dominate again over the
dust cooling. The subsequent evolution of the gas is close to
adiabatic.
When we compare our results to the calculations of Omukai
et al. (2010), we find good agreement with their 1D hydrodynamical models, although we expected some small difference
due to effects of the turbulence and rotation (see Dopcke et al.,
2011) and
[M/H]
=also
-4 due to the use of different dust opacity models.

Fig. 1.—:

Dependence of gas and dust temperatures on gas

3.2. Heating and cooling rates.
The gas thermal evolution during the collapse takes different paths depending on the metallicity, as expressed in the
density-temperature diagram
1). In
order to
explain
Fig.(Figure
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proM! at
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ApJ,cooling.
arXiv:1203.6842)
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8
−3
heating dominates. For n > 10 cm , H2 line cooling starts
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moreas
sparse
over-densities.
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[M/H] = -ininity

hints for differences
in mass spectrum

[M/H] = -6

disk fragmentation mode
[M/H] = -5

[M/H] = -4

gravoturbulent fragmentation mode

Fig. 6.—: Sink particle mass function at the point when 4.7
M! of gas had been accreted by the sink particles in each simulation. To resolve the fragmentation, the mass resolution is
smaller than the Jeans mass at the point in the temperaturedensity diagram where dust and gas couple and the compressional heating
to2012,
dominate
over the
Dopckestarts
et al.,
submitted
todust
ApJ,cooling.
arXiv:1203.6842)

creating more sparse over-densities.

Fig. 7.—: Timesc
accretion (middle
versus enclosed g
The values were c
was formed.

hints for differences
in mass spectrum
for Z > 10-5 Zsun,
fragmentation is “faster”
than accretion,

n
⌧frag =
ṅ
m
⌧acc =
ṁ

that means more new
protostars form more
quickly than existing
ones can accrete

Dopcke et al., 2012, submitted to ApJ, arXiv:1203.6842)

dust induced fragmentation at

-5
Z=10

dense cluster of low-mass
protostars builds up:
mass spectrum
peaks below 1 Msun
- cluster VERY dense
nstars = 2.5 x 109 pc-3
-

-

400 AU

predictions:
* low-mass stars
with [Fe/H] ~ 10-5
* high binary fraction

(Clark et al. 2008)
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Figure 1. Evolution of temperatures in prestellar cloud cores with metallicities
Z/Z! = 0, 10−6 , 10−5 , 10−4 , 10−3 , 10−2 , 10−1 , and 1, as functions of the
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detailed look at accretion disk
Figure 1: Density evolution in a 120 AU region around the first protostar, showing the build-up
of the protostellar disk and its eventual fragmentation. We also see ‘wakes’ in the low-density
regions, produced by the previous passage of the spiral arms.
(Clark et al. 2011b, Science, 331, 1040)

number

expected mass spectrum
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Sum / 2
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mass spectrum
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1
M* [MO• ]
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Attention: the mass spectrum depends on the dynamic properties of the halo
---> need to understand the statistics
of high-z halos! ---> see poster by Mei Sasaki
(Greif et al. 2011, ApJ, 737, 75, also Dopcke et al. 2012 ApJ submitted, arXiv1203.6842)

expected mass spectrum
•
•

expected IMF is flat and covers a wide range of masses
implications

-

•

because slope > -2, most mass is in massive objects
as predicted by most previous calculations
most high-mass Pop III stars should be in binary systems
--> source of high-redshift gamma-ray bursts
because of ejection, some low-mass objects (< 0.8 M⦿)
might have survived until today and could potentially be
found in the Milky Way

consistent with abundance patterns found
in second generation stars

18
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(Tominaga et al. 2007)

The metallicities of extremely metalpoor stars in the halo are consistent
with the yields of core-collapse
supernovae, i.e. progenitor stars with 20
- 40 M⦿

Fig. 6.—Comparison between the [ X/ Fe] trends of observed stars (crosses: the previous studies [e.g., Gratton & Sneden 1991; Sneden et al. 1991; Edvardsson et al.
1993; McWilliam et al. 1995a, 1995b; Ryan et al. 1996; McWilliam 1997; Carretta et al. 2000; Primas et al. 2000; Gratton et al. 2003; Bensby et al. 2003]; open circles: CA04;
open squares: HO04) and those of individual stars models ( filled circles: normal SNe; filled triangles: HNe with case A; filled rhombus: HNe with case B) and IMF integration
( filled squares). The parameters are shown in Table 1.

(Joggerst et al. 2009, 2010)

(e.g. Tominaga et al. 2007, Izutani et al. 2009, Joggerst et al.
2009, 2010)

Figure 4. Mass abundance of He, O, Si, and Fe in Z = 0 (top) and 10−4 Z" (bottom) 25 M" stars after the end of RT-driven mixing. The snapshots are of the simulation
at 3.1 × 104 s, 6.3 × 104 s, and 2.7 × 104 s for z25B, z25D, and z25G, and 1.4 × 104 s, 5.3 × 104 s, and 1.2 × 105 s for models u25B, u25D, and u25G, respectively.
Red Z = 0 stars again show much more mixing than blue Z = 10−4 Z" stars, although it is not as extreme as in the 15 M" models, in which the difference in outer
radius between the z- and u-series progenitors was greater. Mixing again rises with explosion energy, which is 0.6, 1.2, 2.4 Bethe from left to right across the panels.
Spurious jetting is also visible along the y- and x-axes in the u-series models. Like the 15 M stars shown in Figure 3, both mixing and the amplitudes of the RT

reducing fragmentation
•
•
•
•

from present-day star formation theory we know, that
- magnetic fields (e.g. Peters et al.2011, Seifried et al. 2012, Hennebelle et al. 2011)
- accretion heating (e.g. Peters et al. 2010abc, Krumholz et al. 2009, Kuipers et al. 2011)
can influence the fragmentation behavior.
in the context of Pop III
- radiation: talks by Hajime Susa, Athena Stacy ,Takashi Hosokawa
- magnetic fields: talks by Jeff Oishi and Matt Turk
all these will reduce degree of fragmentation (but not by much, see
also Smith et al. 2011, 2012)

DM annihililation might become important for disk dynamics and
fragmentation (see talk by Fabio Iocco, and poster by Rowan Smith)

B fields in the early universe?
• we know the universe is magnetized (now)
• knowledge about B-fields in the high-redshift
universe is extremely uncertain

-

inflation / QCD phase transition / Biermann battery /
Weibel instability

• they are thought to be extremely small
• however, THIS MAY BE WRONG!

small-scale turbulent dynamo
• idea: the small-scale turbulent dynamo can generate
strong magnetic fields from very small seed fields

• approach: model collapse of primordial gas --->
formation of the first stars in low-mass halo

• method: solve ideal MHD with very high resolution
-

grid-based AMR code FLASH
resolution up to 1283 cells per Jeans volume

(effective resolution 655363 cells)
see: Schleicher et al. 2010, A&A, 522, A115, Sur et al. 2010, ApJ,
721, L734, Federrath et al., 2011, ApJ, 731, 62, Schober 2012,
PRE, 85, 026303, Schober et al. 2012, ApJ, submitted (1204.0658)

magnetic field structure

density structure

(Sur et al. 2010, ApJ, 721, L734)

(Schleicher et al. 2010, A&A, 522, A115, Sur et al. 2010, ApJ, 721, L734, Federrath et al., 2011, ApJ, 731, 62)

Magnetic field amplification by gravity-driven turbulence

7

(Federrath et al., 2011, ApJ, 731, 62)

radial density profile

radial velocity profile

Mach number profile

Field amplification during first
collapse seems unavoidable.
QUESTIONS:

• Is it really the small scale dynamo?
• What is the saturation value?
Can the field reach dynamically
important strength?

(Sur et al. 2010, ApJ, 721, L734)

analysis of magnetic field spectra

B fluctuation spectrum
in 1/r2 fall-off

B fluctuation spectrum
in flat inner core
(Federrath et al., 2011, ApJ, 731, 62)

function of Mach number for all models. Both
an
(Em /Ek )sat depend strongly on M and on the turbu
lent forcing. Solenoidal forcing gives growth rates an
saturation levels that are always higher than in compres
sive forcing, as indicted by the di⇥erent field geometrie
shown in figure 2. Both and (Em /Ek )sat change sig
nificantly at the transition from subsonic to supersoni
turbulence. We conclude that the formation of shock
at M ⇥ 1 is responsible for destroying some of the co
herent vortical motions necessary to drive the dynam
[4]. However, as M is increased further, vorticity gener
ation in oblique,
colliding
shocks
starts to dominat
saturation
level
for [19]
subsonic,
over the destruction. The very small growth rates of th
solenoidal turbulence
subsonic, compressively driven models is due to the fac
that hardly any vorticity is excited. In the absence of th
baroclinic term, (1/⇥2 )⌅⇥ ⌅p, the only way to generat
saturation level for subsonic,
vorticity, ! = ⌅ u, with compressive (curl-free) forcin
compressive
is via viscous
interactions inturbulence
the vorticity equation [6]:
⇤t ! = ⌅

FIG. 3. (Color online) Growth rate (top), and saturation level
(bottom) as a function of the Mach number for all runs with
solenoidal (crosses) and compressive forcing (diamonds). The
solid lines show empirical fits with equation (4). The labeled
data points indicate four models (M ⇥ 0.4, 2.5 for sol. and
comp. forcing), using ideal MHD on 1283 grid cells (a), nonideal MHD on 2563 (b), and 5123 grid cells (c), demonstrating
convergence for the given magnetic Prandtl (Pm = 2) and
kinematic Reynolds number (Re ⇥ 1500).

(u

!) + ⌅2 ! + 2 ⌅

(S⌅ ln ⇥) .

(3

The second term on the right hand side of the last equa
tion is di⇥usive. However, even with zero initial vorticity
the last term generates vorticity via viscous interaction
in the presence of logarithmic density gradients. Th
small seeds of vorticity generated this way are exponen
tially amplified by the non-linear term, ⌅ (u !), i
analogy to the induction equation for the magnetic field
if the Reynolds numbers are high enough [20]. For ver
low Mach numbers, however, density gradients start t
vanish, thus explaining the steep drop of dynamo growt
in compressively driven turbulence at low Mach number
Analytic estimates
[21]
suggest
that
⇤ M3 in com
(Federrath
et al.,
2011, PRL,
107, 114505)
pressively driven, acoustic turbulence [22], indicated a

turbulent
velocity
field
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questions
• small-scale turbulent dynamo is expected to operate
during Pop III star formation

• process is fast (104 x tff), so primordial halos may
collapse with B-field at saturation level!

• simple models indicate saturation levels of ~10%
--> larger values via αΩ dynamo?

• QUESTIONS:
-

does this hold for “proper” halo calculations (with
chemistry and cosmological context)?

-

what is the strength of the seed magnetic field?

density n and the dark matter core density ρ xc found in Spolyar
et. al. 2008.
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Fig 1: The density profile and gas temperatures in three simulated halos. H1 and H2
show our fiducial case for two different cosmological halos. H1_lm shows the case of
H1 with a lower dark matter particle mass of 10 GeV. The solid lines shows the
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Fig 2: The major heating and cooling processes active in H1
at the point where DMA heating is predicted to prevent
collapse in Spolyar et. al. 2008. The DM heating is an
important contributor to the net heating between densities of
109 -1012 cm-3. However the heating is insufficient to halt the
collapse due to cooling at higher densities from the
dissociation of H2 and charge transfer cooling.
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meaning that the maximal effect is felt at the core boundary rather
than at the centre.
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Fig 3: The column
density at the centre of
H1 with and without
DMA feedback 500 yr
after the first sink forms.
Without DMA three
additional sink particles
form, however with DMA
the disk is stable and
does not fragment.
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Fig 4: The column density at the centre of H2 at three times after the sink particle forms. A sink particle is
formed at a separation of 1000 AU from the central object after a period of ? Interestingly the sink
protostar has become displaced from its original position in panel 2 introducing the possibility that the
baryons may eventually decouple from the DM peak.
see poster by Rowan Smith
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just like in present-day SF, we expect
- turbulence
- thermodynamics
- feedback
- magnetic fields
to strongly influence first and second star formation.
masses of first stars still uncertain, we expect a flat spectrum
over a wide range of masses and a high binary fraction
transition to power-law IMF above 10-5 Zsun, due to dust
first and second generation stars should form in clusters
Carina with HST

